This paper demonstrates a new type of interconnects to fulfill the primary function of axons: transmitting electrical signals over long distances and at high speeds. The interconnect, which we call ''ionic cable'', uses ions to transmit signals, and is built entirely with soft, elastic materials-elastomers and gels. The ionic cable is highly transparent, and remains functioning after being stretched nearly eight times its original length. We describe the design, theory and experiment of the ionic cable. We show that the diffusivity of signals in the ionic cable is about 16 orders of magnitude higher than the diffusivity of ions. We demonstrate that the ionic cable transmits signals up to 100 MHz over 10 cm, and transmits music signals over meters. The ionic cable transmits enough power to turn on lightemitting diodes. Our theory shows that the ionic cables scale well, suggesting tremendous opportunities to create miniaturized ionic circuit.
Introduction
In a robot and in an animal, the functions of sensing, deciding and acting usually locate in different places. Whereas the robot coordinates these functions using metallic wires, the animal does so using axons. The metallic wires are hard, but the axons are soft. This difference has inspired the development of stretchable electronics, devices that use patterned electronic conductors to achieve stretchability [1] [2] [3] [4] . Recent work demonstrates examples of promising applications. Stretchable conductors replace dangling wires to connect a microprocessor to the fingers of a humanoid, or to the knees of an exoskeleton [5, 6] . Wearable sensors are placed in contact with the skin of the user to collect healthcare data [7] . Electroceutical devices deliver electrical stimuli to neurons in rats and restore locomotion after paralyzing spinal cord injury [8] . A second difference between metallic wires and axons is also significant: metallic wires transmit signals using electrons, but axons transmit signals using ions. This difference has inspired the recent development of stretchable ionics, devices that use ionic conductors (such as hydrogels and ionogels) to achieve stretchability [9] [10] [11] [12] .
The stretchable ionic devices demonstrated so far have been actuators and sensors. Here we describe the design, theory and experiment of a family of ionic interconnect, which we call ''ionic cable''. The ionic cable mimics the function of an axon, not its anatomy. The axon transmits an action potential from head to toe at a speed over 100 m/s, while maintaining the amplitude of the action potential [13] . The action potential does so by continuously drawing energy through depolarizing the membrane of the axon. By contrast, the signal in our ionic cable will decay. We demonstrate, however, that the decay can be negligible. The ionic cable is analogous to a segment of an axon insulated by myelin sheath [13] . We show that the diffusivity of signals in the ionic cable is about 16 orders of magnitude higher than the diffusivity of ions. We demonstrate that the ionic cable transmits signals up to 100 MHz over 10 cm, and transmits music signals over meters. The ionic cable is highly transparent and stretchable; it remains functioning after being stretched nearly eight times its original length. Furthermore, the ionic cable transmits enough power to turn on light-emitting diodes. Our theory shows that the ionic cables scale well, suggesting opportunities to create miniaturized ionic circuits.
The stretchable ionic conductors integrate the two functions -stretchability and conductivity -at the molecular scale. A gel consists of a polymer network and a solvent (e.g., water or ionic liquids). The polymer network makes the gel a soft elastic solid, and the solvent makes the gel a fast ionic conductor. Gels can be as soft as tissues, and as tough as elastomers [14] [15] [16] . Although most hydrogels dry out in open air, hydrogels containing humectants retain water in environment of low humidity [17] , and ionogels are non-volatile even in vacuum [10] .
By contrast, stretchable electronic conductors are commonly hybrids of very dissimilar materials: elastomeric substrates to allow stretch, and electrical conductors to transmit signal. Commonly used electronic conductors include carbon in various forms (powders, fibers and sheets) [18] [19] [20] [21] , solid metals containing microcracks or patterned in serpentine shapes [22] [23] [24] , and liquid metals [25] . These stretchable conductors have led to the demonstration of exciting applications, but their drawbacks have been noted: the stretchability is often limited [26] , the repeated stretching and releasing may degrade the components that are not intrinsically stretchable [27] , and liquid metals are hard to seal. Besides, these hybrids struggle to meet additional requirements in specific applications, such as biocompatibility in bio-mimetic sensors, and transparency in tunable optics [3, 28, 29] . On the other hand, many electronic conductors have high conductivity and can sustain direct current. These considerations suggest that stretchable ionic conductors and stretchable electronic conductors will find different applications that take advantage of their distinct attributes. The object of this paper is to demonstrate that ionic cables can transmit signals over long distances at high speeds.
Structure and scaling of ionic cable
The basic design of an ionic cable involves two parallel wires of ionic conductors, insulated from each other by a sheet of dielectric (Fig. 1) . One end of the ionic cable serves as the input port, connecting through two electrodes to a signal of time-dependent voltage. The other end of the ionic cable serves as the output port, connecting through two electrodes to a load of impedance Z . The interface between an ionic conductor and an electrode forms an electrical double layer (EDL). For an ideal polarized electrode, so long as the applied voltage is within a range, e.g., between −1 V and +1 V, electrons and ions do not cross the interface, no electrochemical reaction occurs, and the EDL behaves like a capacitor [30] . To function without electrochemical reaction, the ionic cable is restricted to transmitting alternating current. Furthermore, the resistivity of ionic conductors is typically several orders of magnitude higher than electronic conductors.
We examine the consequences of these fundamental limits by developing a theory of ionic cable. We model the ionic cable as a special case of transmission line [31] . Let x be the coordinate along the cable, and t be time. The length of the cable is much larger than the spacing between the two wires. Each small segment of the cable behaves like a capacitor, which charges and discharges as the current flows in the wires. At a given time and a given segment of the cable, the charges on the two wires are of the same magnitude and the opposite signs. Let +q(x, t) be the charge per unit length of one wire, −q(x, t) be the charge per unit length of the other wire, and v(x, t) be the volt- 2 /s [32] . The enormous diffusivity of signal results from a feature in the design: the ionic cable consists of a conductor and a dielectric. Despite the high resistivity of ionic conductor, the permittivity of the dielectric is low, giving a small time scale, ρε ∼ 10 −13 s. This time scale, together with the thicknesses of the conductor and dielectric, gives the large diffusivity of signal.
It is the high diffusivity of signal that enables the ionic cable to transmit a signal over long distance and at high frequency. A dimensional analysis of our theory shows that the signal decays negligibly if l output power is small. When the impedance of the load is too high, the current through the load is small, and output power is also small. Given an input signal, the output power maximizes when output impedance of the source equals input impedance of the load. We ascertain these theoretical findings using an experimental setup ( Fig. 1(b) ). For sinusoidal signals, write
where V (x) is the phasor of the voltage, and I (x) is the phasor of the current. The input port connects to a signal of the phasor V (0). The output port connects to a load of impedance Z , so that V (l) = ZI (l). We plot solutions when the load is a resistor, an inductor, or a capacitor (Figs. S1-S5). We synthesize a salt-containing hydrogel as ionic conductor, use a commercial elastomer as dielectric (VHB 4905), and use copper as electrodes. We connect the input port to a signal generator (33500B Series, Agilent), connect the output port to a load (a resistor or an inductor), and measure the output voltage and current, V (l) and I(l). The experimental data agree well with theoretical predictions (Fig. 1(c)-(e) ). Here a low concentration of LiCl (0.01 mol/L) is used to obtain an ionic cable with large resistance, so that an obvious decay can be captured within the test frequency ( Fig. 1(c) ). However, a high concentration of LiCl (8.0 mol/L) is applied to get a more conductive ionic cable ( Fig. 1(d) , (e)). The ionic cable readily transmits signals up to 100 MHz over 10 cm.
Ionic music and ionic power
We demonstrate that the ionic cable can transmit music signal (Fig. 2) . We cut a commercial electrical cable (Salar, SOMIC Co. Ltd) into two segments, and connect them using an ionic cable. We insert the input port of the electrical cable to a cell phone, and connect the output port to a loudspeaker and an oscilloscope. When the cell phone generates music signal, the ionic cable transmits the signal, the loudspeaker plays the music, and the oscilloscope displays the waveform of the signal (Fig. 2(b) ). The ionic cable is highly transparent and stretchable; it still works well even after being stretched nearly eight times of its original length (Fig. 2(c) ; Supplementary Movie 1, Appendix A). Listening to the music, we do not discern any change in the quality of sound as the ionic cable is stretched. Note that stretchability of ionic cable is limited by that of VHB. Altering the thickness or the composition of polyacrylamide hydrogel does not change the stretchability of ionic cable in our experiments. The transparency of ionic cable is also limited by that of VHB due to the exceptionally high transparency and small thickness of polyacrylamide hydrogel within this work. VHB, however, shows high transparency over the range of visible spectrum (Fig. S6) . Specially, the ionic cable exhibits a transmittance of 90% at 550 nm, given the transmittance of polyacrylamide hydrogel 99.99% and VHB 90.19% respectively.
The ionic cable readily transmits electrical signals over long distances. We attach an ionic cable of the length ∼45.0 cm to the arm of a person, and the ionic cable transmits music from a mobile phone to the ear (Fig. 2(d) ). The load inside the earphone has inductance ∼50 µH. Both experimental results and theoretical analysis indicate that the ionic cable can transmit electrical signals to an inductor ( Fig. 1(e), S4) . A plateau exists over a range of frequency. The signal barely attenuates within the plateau, but decays when the frequency is too small or too large. In spite of the decay (about 95% for 50 µH within the range of audible sound), the music can still be clearly heard from the earphone when the volume of the cell phone is tuned to the maximum.
We next demonstrate that the ionic cable can transmit enough power to turn on light-emitting diodes (Fig. 3) . The diodes have a familiar rectifying, nonlinear voltage-current curve (Fig. S7) . We connect the input port of the ionic cable to a power source with alternating voltage with peak value of 5.0 V, and connect the output port to the two diodes with antiparallel polarity. This design allows the source of alternating current to power the diodes. When the power source is on, the two diodes light up periodically, in turns (Fig. 3(c) ; Supplementary Movie 2, Appendix A). This demonstration confirms our theoretical prediction and experimental measurement of powertransmitting ionic cables ( Fig. 1(d), S3(b) ). Within the time scale of our experiments, we keep the power source on for more than 24 h, and the light-emitting diodes keep lighting on periodically without attenuation of brightness. The longevity of ionic cable is sufficient in our experiments.
Concluding remarks
Our experiments have demonstrated ionic cables of thickness ∼1 mm, and of lengths between 0.1 and 10 m. Life uses mostly ionic circuits, but engineering machines contain mostly electronic circuits. There have been long and practical interests in creating interfaces between life and machines through hybrid ionic-electronic circuits (i.e., ionotronics). Examples include the historical discovery of electricity in frogs, the recording of neural signals (in individual neurons, brains, hearts, etc.), and the development of electroceutical devices. This paper focuses on the fundamental physics of ionic cables, but also demonstrates ionic cables in several simple hybrid ionic-electronic circuits. The ionic cables combine high stretchability and transparency, as well as high diffusivity of signal. It is hoped that this unusual combination of properties will lead to the creation of devices of new functions.
Experimental section

Synthesis of polyacrylamide hydrogel containing LiCl:
Acrylamide powders and LiCl grains were dissolved in deionized water, in which the amount of acrylamide was 14.0 wt% relative to deionized water. The amount of LiCl was adjusted according to the required conductivity of the hydrogel. The crosslinking agent (N, N ′ -methylenebisacrylamide, MBAA), thermo-initiator (ammonium persulphate, APS) and accelerator (N, N, N ′ , N ′ -tetramethylethylenediamine, TEMED), of molar ratio 0.028 mol%, 0.031 mol% and 0.152 mol%, respectively, relative to acrylamide monomer, were subsequently added into the solution. The mixture became a homogeneous and transparent solution at room temperature. The solution was transferred into a glass mold, which was separated by a silicon spacer. The mold was then put in an oven at 50°C for 3 h to obtain conductive polyacrylamide hydrogel.
Preparation of ionic cable: The synthesized polyacrylamide hydrogels were cut into prescribed length and a sheet of VHB is also cut. Two lines of polyacrylamide hydrogels were attached on the two surfaces of VHB separately and aligning to each other. Four copper pieces (thickness 0.1 mm) were cut and attached to the four terminals of the ionic cable.
Measurement of the capacitance of ionic cable: A sheet of dielectric elastomer (VHB 4905), thickness 0.5 mm and width 1.0 cm, was covered by two copper sheets on two sides, and a capacitance meter was connected to the two copper sheets to measure the capacitance. For a length of 2.0 cm, the measured capacitance was about 17.0 pF, which gives the capacitance per unit length of the ionic cable of about 850.0 pF. The capacitance can also be es- Measurement of resistance of ionic cable: The electrical resistance of an ionic conductor was measured using the four-point method. Two external copper electrodes connected the ends of the ionic conductor to a power source. Two inner copper electrodes connected two points in the central part of the ionic conductor to a voltmeter to measure the voltage. A galvanometer was in series with the ionic conductor to measure the current. The ratio of the measured voltage to the measured current determined the electrical resistance of the ionic conductor between the two inner probes. The resistance scales as R = ρl/A, where ρ is the resistivity, l the length and A the cross-sectional area. The resistivity depends on the concentration of LiCl.
In particular, ρ = 1.6 × 10 
Theory of ionic cable
We model ionic cables as a special case of transmission lines. An ionic cable consists of two parallel wires of an ionic conductor, insulated from each other by a dielectric (Fig. 1(a) ). The electric potential and the current vary from point to point along each wire, and vary in time. The length of the cable is much larger than the spacing between the two wires. Each small segment of the cable behaves like a capacitor, which charges and discharges as the current flows in the wires. At a given time and a given segment of the cable, the charges on the two wires are of the same magnitude and the opposite signs. Consequently, the electric currents propagate along the two wires are of the same magnitude, but are in the opposite directions.
Let x be the coordinate along the cable, and t be the time. Let v(x, t) be the voltage between the two wires, and i(x, t) be the current along one of the wires. Ohm's law requires that
where r is the sum of the resistances per unit length of the two wires. The charge per unit length of one wire is +q(x, t), and the charge per unit length of the other wire is −q(x, t). The conservation of electric charge requires that ∂i/∂x = −∂q/∂t. 
Eliminating the current from the above two equations, we find that the voltage v(x, t) obeys the diffusion equation, with the coefficient of diffusion being 1/ (rc). To determine v(x, t), we need to prescribe the boundary conditions on the two ports of the cable, as well as the initial condition v(x, 0) along the cable.
When the voltage and the current are sinusoidal in time, we write
where ω is the frequency, V (x) the phasor of the voltage, and I (x) the phasor of the current. The phasors are complex-valued, and depend on x but not on t. In terms of the phasors, Eqs. (1) and (2) become
This set of ordinary differential equations for the phasors V (x) and I(x) are coupled, linear, and homogeneous.
The general solution is
where A and B are constants of integration. Note an identity of complex numbers:
We prescribe the boundary conditions as follows. At the input port, we connect the two terminals to a source of a sinusoidal signal, with a prescribed phasor V (0) and frequency ω. At the output port, we connect the two terminals to a load of impedance Z , so that V (l) = ZI (l), where l is the total length of the cable. The boundary conditions determine the two constants of integration:
When the load is a resistor, namely Z = R, note that (Fig. S2) . The cable transmits power. At a given time t and at a given cross section x of the cable, one wire carries current forward, and the other wire carries current backward; the magnitude of the two currents are the same, i(x, t). The electric potential between the two wires drops by the voltage v(x, t). Consequently, at time t, the cable transmits across the section x an amount of power:
p (x, t) = i (x, t) v (x, t) . (11) When the signal is sinusoidal in time, the power averaged over time is
We can also express the average power in terms of the phasors:
HereV means the complex conjugate of V . The ratio P (l) /P (0) measures how effective the cable transmits power from the input port to the output port. P (l) /P (0) decreases monotonously as the frequency increases while a maximum of P (l) /P (0) exists over the range of variation of resistance (Fig. S3) . When the frequency is too high, the ionic cable fails to transmit power, so that P (l) /P (0)
is approaching to 0.
Similarly, consider that the load is an inductor, Z = (Fig. S5 ).
